The Higgs sector of the minimal supersymmetric standard model (MSSM) consists of five physical Higgs bosons, which offer a variety of channels for their experimental search. The present study aims to further our understanding of the Tevatron reach for MSSM Higgs bosons, addressing relevant theoretical issues related to the SUSY parameter space, with special emphasis on the radiative corrections to the down-quark and lepton couplings to the Higgs bosons for large tan β. We performed a computation of the signal and backgrounds for the production processes W φ and bbφ at the upgraded Tevatron, with φ being the neutral MSSM Higgs bosons. Detailed experimental information and further higher order calculations are demanded to confirm/refine these predictions.
I. INTRODUCTION
The precision electroweak measurements performed at LEP, SLD and the Tevatron are consistent with the predictions of the standard model containing a light Higgs boson, with mass of the order of the Z boson mass. The searches for such a Higgs particle continue at the LEP and the Tevatron colliders. The searches at LEP2 ( √ s < ∼ 200 GeV) are constrained by the collider energy, and a Higgs boson with standard model-like properties can be found only if its mass is below 105 GeV [1] .
The potential for discovering a light Higgs boson at the Tevatron collider when it is produced in association with a W or Z gauge boson has been discussed in several studies [2] [3] [4] [5] [6] . Although the kinematic reach of the Tevatron collider is much greater than for LEP2, the backgrounds to Higgs boson searches at hadron colliders are much larger than in e + e − machines. For this reason, large integrated luminosity is essential to establish a signal at the Tevatron. Within the standard model, the general conclusion is that Run II, with a total integrated luminosity of about 2 fb We address the theoretical motivation by appealing to the minimal supersymmetric extension of the standard model (MSSM). The MSSM has the remarkable property that, for a sufficiently heavy supersymmetric spectrum, it fits to the precision electroweak observables as well as the standard model [7] . Moreover, the lightest CP-even Higgs boson mass m h is constrained to satisfy m h < ∼ 130 GeV [8, 9] . The Higgs sector of this model consists of two Higgs doublets, with two CP-even Higgs bosons, h and H, one CP-odd Higgs boson, A, and one charged Higgs boson, H ± . This richer spectrum allows for different production and decay processes at LEP and the Tevatron colliders than in the standard model.
In the supersymmetric limit, the neutral components of the two Higgs boson doublets H 1 and H 2 couple to down-and up-type quarks, respectively. Lepton fields couple only to the H 1 Higgs boson. The MSSM, tree-level Yukawa couplings of the down quarks, leptons and up quarks are related to their respective running masses by In this article, we analyze the discovery potential of the Tevatron collider for MSSM Higgs bosons in different production channels. Section 2 discusses the signals from Higgs boson production in association with weak gauge bosons and their dependence on the MSSM parameter space. Section 3 contains details of Yukawa coupling effects for large tan β.
Section 4 deals with the phenomenological implications of these effects for signals in the W φ and bbφ production channels. In section 5, we consider the correlation between the bottom mass corrections and the supersymmetric contributions to the branching ratio B(b → sγ).
Finally, section 6 is reserved for our conclusions.
II. SIGNALS FROM W φ AND Zφ PRODUCTION
The production of W φ, followed by the decays W (→ eν e ) or W (→ µν µ ) and φ(→ bb), is the gold-plated search mode for the standard model Higgs boson φ = φ SM at the Tevatron collider, while LEP2 is sensitive to the Zφ SM process. The production of Zφ may also be useful at the Tevatron, depending on the efficiency for triggering on missing E T ( / E T ) and the bb mass resolution. Additionally, the all-hadronic decays of W φ + Zφ may extend the reach, and the Higgs boson decay φ(→ τ + τ − ) may be observable. However, there are several, unresolved experimental issues concerning these channels that require detailed study by the experimental collaborations. For this reason, at present we shall only consider the W φ channel at the Tevatron.
To quantify the experimental reach in a model independent way, it is useful to consider the function
where σ denotes a production cross section, B denotes a branching ratio and φ SM represents a standard model Higgs boson. In the MSSM, the ratio of cross sections is just given by sin 2 (β − α) or cos 2 (β − α) depending on φ being the lightest or heaviest CP-even Higgs, respectively, 1 while the ratio of branching ratios has a more complicated behavior. It is important to notice that, barring the possibility of large next-to-leading-order (NLO), SUSY corrections to the W W φ vertex, there is no enhancement of the production cross section in the MSSM over the standard model. On the other hand, the branching ratio to bb and τ + τ − final states are affected by the factors − sin α/ cos β for h and cos α/ cos β for H over the SM Higgs boson couplings to down quarks and leptons. These factors can produce an increase or decrease of the MSSM coupling of the Higgs boson to bottom quarks, depending on the value of the CP-odd mass, tan β and the top and bottom squark mass parameters. In this study, the Higgs boson properties are calculated using the program 
In our analysis, we shall always consider the limit of heavy sparticle masses, where such supersymmetric contributions to the Higgs production and decay processes are negligible.
In the large m A limit, the renormalization-group improved result for the lightest Higgs boson mass, including two-loop leading-log effects [8, 9, 11, 12] , has the approximate analytic form [8] :
)/2, and t = log(M 2 S /m 2 t ). The above formula is based on an approximation in which the right-handed and left-handed stop supersymmetry breaking parameters are assumed to be close to each other, and hence the stop mass splitting is induced by the mixing parameter m tã × M S . Moreover, this expression is based on an expansion in powers of m tã /M S and is valid only if
where mt 1 and mt 2 are the lightest and heaviest stop mass eigenstates. This simplified expression is very useful for understanding the results of this work, although we go beyond this approximation [8] in our full analysis. Finally, in the above, we have ignored corrections induced by the sbottom sector, which, as we shall discuss below, may become relevant for very large values of tan β.
The value of m h in Eq. (2.2) is maximized for large values of tan β and M S andã 2 = 6.
Due to the dependence of the lightest CP-even Higgs mass on tan β, LEP will be able to probe the low tan β region of the MSSM. Indeed, recent analyses suggest that even the present, relatively low bounds on a standard model-like Higgs boson from LEP2 have strong implications for the minimal supergravity model [13] . Moreover, it has been shown that, in the large m A region, LEP2 will probe values of tan β < ∼ 2 for arbitrary values of the stop masses and mixing angles [14] . Since, in general, the lower bound on tan β is expected to be obtained for large values of m A , the absence of a Higgs signal in the ZZh channel at LEP2 will provide a strong motivation for models with moderate or large values of tan β.
For lower values of the CP-odd Higgs mass, sin 2 (β − α) can take any value between 0 and 1, and it is a model-dependent question whether h or H produces a viable signal in the W φ production channel. For moderate or large values of tan β > ∼ 5, it is easy to identify the main properties of the CP-even Higgs sector. More specifically, three cases may occur: a) If m A < m φ SM , then sin α ≃ −1, cos α ≃ O(1/ tan β) and cos(β − α) ≃ 1. In this case, the heaviest CP-even Higgs boson has a production rate which is similar to the standard model case. The branching ratio of the decay into bottom quarks and τ leptons, however, can become highly non-standard, since cos α and cos β, may differ by a factor of order one. there can be important differences in the branching ratios with respect to the SM ones.
, and the couplings of both neutral CP-even Higgs bosons to bottom quarks tend to be highly non-standard. 2 There is, however, a slight discrepancy in the subdominant, Yukawa-dependent, two-loop, leading-logarithmic corrections, which is due to the fact that the expressions written above are only strictly valid for values of the CP-odd mass of the order of the weak scale. depend strongly on the sign ofμ ×Ā t (Ā t ≃ã for large tan β and moderate µ) and on the value of |Ā t |. For the same value ofã, a change in the sign of µ can lead to observable variations in the branching ratio for the Higgs boson decay into bottom quarks. If |Ā t | < ∼ 11/2, the absolute value of the off-diagonal matrix element, and hence, the coupling of bottom quarks to the standard model-like Higgs boson tends to be suppressed (enhanced) for values of µ ×Ā t < 0 (μ ×Ā t > 0). For larger values of |Ā t |, instead, the suppression (enhancement) occurs for the opposite sign ofμ ×Ā t . Finally, it is important to stress that, in the large tan β regime, extra corrections to the Yukawa couplings may be important depending on the MSSM spectrum, and we shall come back to this topic later in Section 3.
A. W (→ ℓν)φ SM (→ bb) signal and backgrounds
The signal W (→ ℓν)φ SM (→ bb) contains two real b-jets, which can be used to distinguish it from many potential backgrounds. A remarkable increase in the double tag efficiency over the Run I estimate is expected to be accomplished by loosening the requirements for the second tag [5] . This is possible since the first b-tag already significantly reduces the fake b background. In the numerical analysis we assume a double tagging efficiency for Run II of
Given the expected high b-tagging efficiency and the low mistagging rate, the most important backgrounds are those with a real charged lepton ℓ ± and two real b taggable jets.
The backgrounds considered are To further enhance the signal over the background, we apply additional cuts. The angle between the W ± and h in the W ± h center of mass system, θ h , can be exploited [16] . The dominant background from W ± g * (→ bb) tends to peak at cos θ h = ±1, and a cut of | cos θ h | < .8 is optimal. Top quark pair production events, which are a large potential background, produce an additional W ± boson, which can decay hadronically or leptonically. The extra decay products from this W decay can be used to veto such events. Vetoing events with at least one jet with E T > 30 GeV, a pair of jets separately having E T > 15 GeV, or extra leptons with p T > 10 GeV successfully limits this background.
The estimate of the signal and background used in this analysis are based on a parton level calculation [17] , and the final state partons are interfaced to a detector simulation to account for finite detector resolution in measuring energies and angles [18] . The NLO QCD corrections to those processes which are order α 0 s at tree level are large. The order α s correction to W ± Z 0 production at Tevatron energies is about 1.3 [19] . A similar enhancement occurs for the signal process W ± h, which has the same initial state, and the rate for the process ud → W + * → tb, with both initial and final state corrections, is enhanced by a factor of 1.7 [20] over the lowest result using CTEQ3L [21] structure functions. The single top production processes qb → q ′ t increases by a factor of about 1.3 [22] . Results are normalized to these numbers. In addition, tt and W ± g * (→ bb) are evaluated at the scale m t , which gives good agreement with the present data. However, higher-order calculations of the W ± g * (→ bb) production rate and kinematics are necessary to confirm our understanding of the standard model backgrounds [23] .
The results of this analysis will be used below. These results are in good agreement with other studies [4, 5] after accounting for different assumptions for the mass resolutions σ M (see also Ref. [24] ).
B. Results on W h and W H
The signal and background estimates from the analysis described above can be used to estimate the discovery or exclusion reach of the Tevatron. Finally, the stop trilinear coupling A t is chosen so that the stop mixing parameter is either very small (minimal mixing),ã ≃ 0, or, in the limit of large m A , it maximize the lightest CP-even Higgs mass (maximal mixing), |ã| ≃ √ 6.
In the case of maximal mixing, the radiative corrections to the M To illustrate the sensitivity of our results to experimental resolution, we have constructed the LEP reach in the Zh and ZH channels is highly reduced, and most of the coverage usually shown is induced by the hA production (since HA is kinematically limited). 6 An essential advantage of the Tevatron is the fact that it can overcome this kinematic limitation and give a significant coverage of the m A -tan β plane via the W h and W H channels even
for large values of tan β. Obviously, the addition of the Zh and ZH channels would be useful to confirm a signal, or to enhance the possibility of a discovery with lower integrated luminosity.
III. YUKAWA COUPLING EFFECTS IN THE LARGE tan β REGIME.
In the SM, the coupling of the Higgs boson to b quarks is proportional to the bottom Supersymmetric one-loop corrections to the tree-level, running bottom quark mass can be significant for large values of tan β and translate directly into a redefinition of the relation between the bottom Yukawa coupling entering in the production and decay processes and the physical (pole) bottom mass. Some of the phenomenological implications of these corrections have been considered for MSSM Higgs boson decays [29] . The main reason why these oneloop corrections are particularly important is that they do not decouple in the limit of a heavy supersymmetric spectrum. As mentioned above, in the supersymmetric limit, bottom quarks only couple to the neutral Higgs H 0 1 . However, supersymmetry is broken and the bottom quark will receive a small coupling to the Higgs H 0 2 from radiative corrections,
The coupling ∆h b is suppressed by a small loop factor compared to h b and hence, one would be inclined to neglect it. 
where
, and the function I is given by, Similarly to the bottom case, the relation between m τ and the τ lepton Yukawa coupling h τ is modified:
The function ∆(m τ ) contains a contribution from a tau slepton-bino loop (depending on the two stau masses Mτ 1 and Mτ 2 and the bino mass parameter M 1 ) and a tau sneutrinochargino loop (depending on the tau sneutrino mass Mν τ , the wino mass parameter M 2 and µ). It is given by the expression [27, 28] :
, g 1 is the U(1) hypercharge coupling,
, g 2 is the SU(2) weak isosopin coupling.
Since corrections to h τ are proportional to α 1 and α 2 , they are expected to be smaller 
with are approximately given bȳ
The value of ∆(m b ) in eq. respectively. Indeed, from Eq. (3.11) (Eq. (3.12)), in the limit sin α = 0 (cos α = 0), the bottom coupling is given bȳ
In this limit, the coupling to bottom quarks is much smaller than the standard model Under these conditions, 
B. bbφ
The Yukawa coupling corrections discussed above affect the associated production of a Higgs boson with b quarks, where the Higgs boson subsequently decays to a heavy flavor final state. Indeed, the cross section times branching ratio for this process at an h 1 h 2 hadron collider satisfies
and .2), is only mildly affected due to a cancellation of the dependence of the production cross section times branching ratios on this factor.
On the CP-even Higgs boson masses at large values of tan β
One interesting feature of the large tan β regime is that the CP-odd and one of the two CP-even Higgs bosons have similar masses and couplings. One might be tempted to take the signal from bbA production and decay and double it to account for the other non-SM-like Higgs boson. However, this approximation is optimistic, and not necessary. For example, when both |μ| and |ã| > ∼ O(1),this might be a poor approximation [31] . Indeed, the CP-even Higgs boson with similar properties to the CP-odd one has a mass approximately equal to 
Simulation of bb(φ → bb) signal and backgrounds
The numerical results for the bbφ process are based on the study of a generic neutral
Higgs φ (with production and decay properties of the CP-odd Higgs boson). 8 First, we consider the four b-quark final state from the decay φ(→ bb). We performed a parton-level simulation based on Madgraph [35] matrix elements for the processes pp → bbφ(→ bb) + X, → bbZ(→ bb) + X, and → bbbb (QCD). All matrix elements are evaluated at leadingorder, using leading-order α s , leading-order parton distribution functions (CTEQ3L), and a common scale √ŝ /2, where √ŝ is the partonic center-of-mass energy. 9 The Higgs boson and Z boson resonances are treated in the narrow width approximation. Next-to-leading order QCD corrections to these processes are expected to be important, but they have not yet been calculated. Since the bb production cross section at the Tevatron at NLO is almost doubled from the LO result, as a first estimate the signal and backgrounds in this study are multiplied by a factor of 2 [36] . This assumption will need to be considered in more detail elsewhere. When Gaussian statistics apply, this increases the significance (
) of a signal by √ 2. We assume that four b-quark tags are necessary to reduce backgrounds (so we do not consider Z(→ bb)jj or bbjj backgrounds), and that the four-tag efficiency can be described by an overall factor of (.45) 2 ≃ .2. 10 We also assume that the efficiency for triggering on a four b final state is unity.
The signal is defined by the following cuts:
• 4 b partons with p T i > 20 GeV, i=1,4, and |η i | < 2,
For events that satisfy these cuts, the distribution of all invariant mass combinations m ij = (p i + p j ) 2 is constructed. We use a mass resolution of σ M /M = .08 above 100 GeV, and
We use the procedure outlined earlier to combine the signals from two
Higgs bosons which are close in mass.
For all Higgs boson masses considered in this study, the QCD production of four b-quarks is the dominant background. The cross section for this process is proportional to α 4 s , and, hence, is sensitive to the choice of scale. Therefore, an absolute prediction of the event rate after cuts has a large uncertainty. By studying all m ij combinations, it is possible to define a smooth background distribution and determine the overall normalization from the data using sidebands. If, instead, one chooses the m ij combination closest to a hypothesized Higgs boson mass, then a distribution similar to the signal is sculpted from the background, and it becomes problematic to assess the significance of a mass peak.
There may be optimal cuts to increase the significance for heavier Higgs boson masses.
For m φ > 100 GeV, we include the additional requirement that | cos θ * | < 0.8, where θ * is the polar angle distribution in the rest frame of the bb pair that best reconstructs to m φ .
Results
The 95% C.L. exclusion and 5σ discovery potentials of the bbbb channel are illustrated ∼ 50. One of the generic conclusions of this study is that, in the large tan β regime, this process may be useful to test regions of parameter space which will remain otherwise uncovered. In general, however, the reach in the m A -tan β plane is reduced to a relatively small region for values of m A of the order of the weak scale. The exact discovery and exclusion potentials depend strongly on the finite SUSY corrections to the bottom mass, which can be very large.
Simulation of bbφ(→ τ τ ) signal and backgrounds
We have also considered the possibility of detecting the Higgs boson decays into τ + τ − .
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Since ∆(m τ ) is expected to be small, the bbτ + τ − channel is not very sensitive to SUSYinduced, large tan β corrections. This follows from Eq. (4.2) in the limit that the total width of the Higgs boson is dominated by the bb partial width. We present a preliminary study
here, but more work needs to be done to understand the feasibility of this channel. With our present understanding, Fig. 14 shows that for m φ < 120 GeV, the reach of this channel is comparable to or even slightly better than the bbbb channel, and one may expect much room for improvement.
To study this process at the Tevatron, we considered only the τ 1 (→ ℓ + X) and τ 2 (→ j + X) decays of the τ 1 τ 2 pair, where ℓ = e or µ. This combination yields a triggerable lepton, a narrow jet, and two b-quarks in the final state. It also has the largest branching ratio. The physics backgrounds are assumed to be bbZ(→ τ τ ) and tt production. The signal bbφ(→ τ τ ) and the background bbZ(→ τ τ ) were simulated in a similar manner as before and increased by a factor of 2 to account for higher-order corrections. In addition, the τ polarization information was included for all τ decays through the Tauola Monte Carlo program [38] . The tt background was simulated using Pythia 6.1 [39] with the default settings, and forcing W decays into e, µ or τ . For this analysis, the b-parton is treated as a b-jet, but the τ -jet is constructed from final state particles (π, K, etc.). The / E T is constructed from the real neutrinos from W boson and τ decays.
Because the number of backgrounds is smaller than the previous case, and the signal and Z background have similar characteristics, it is assumed that the acceptance cuts can be looser. The basic cuts are:
• 1 e or µ with p ℓ T > 10 GeV, |η ℓ | < 2.
• 1 τ -jet with p j T > 15 GeV, |η j | < 2.
• R ij > 0.6, where i, j sum over b's, ℓ and τ -jet.
After these cuts, the tt events produce the largest background. However, the jets and leptons from t-quark decays are much harder and produce much more / E T than the typical signal event. The further cuts p b T < 60 GeV and / E T < 80 GeV are imposed to reduce this background. For the final numbers, the CDF τ -jet reconstruction efficiency ranging from approximately .3 to .6 is used [40] , as well as a double b-tag efficiency of .45 and a triggering efficiency of unity.
The signal is defined by a simple counting experiment, without reference to a mass window. Several possible improvements could greatly increase the potential of the bbτ τ signal. First, with adequate / E T resolution, a mass peak can be partially reconstructed.
This could distinguish the signal from the background for m φ ≫ M Z . Second, the second largest branching ratio for the decay of a τ pair is when both τ 's decay to jets. While this channel would greatly enhance the signal, it requires a detailed background and triggering analysis beyond the scope of this work.
V. CONSTRAINTS FROM THE DECAY B → Sγ
As shown above, the couplings of the CP-even Higgs bosons to bottom quarks depend strongly on ∆(m b ). In the MSSM framework, positive or negative corrections are possible.
However, in some specific models, the sign of the correction is correlated with the supersymmetric contribution to the amplitude of the decay process B(b → sγ), which, at large values of tan β, is proportional to A t × µ tan β [41] . This is the case, for instance, in the minimal supergravity model, with unification of the three gaugino masses. For moderate and large values of tan β [42, 27] , 
where ∆ 23 is the value of the off-diagonal sbottom-sstrange left-right term in the down squark squared mass matrix (which we assume to be equal to the right-left one), τ B ≃ 1.5 × 10 −12 s, x = Mg/M S and
This expression ignores the potentially relevant contributions coming from a left-left down squark mixing [43, 45] . Observe that, for Mg = O(M S ) and M S = O(1 TeV), the contribution of the gluino mediated diagram to the b → sγ branching ratio is of the order of (∆
Hence, even a small left-right mixing, ∆ The computation of the Higgs boson mass matrix elements considered in this article [8] is still affected by theoretical uncertainties, most notably, those associated with the twoloop, finite, threshold corrections to the effective quartic couplings of the Higgs potential.
Recently, a partial, diagrammatic, two-loop computation of the Higgs mass has been performed [47] . In the limit of large m A , these additional contributions lead to a slight mod- duced by the top Yukawa coupling, which are included at the leading-logarithmic level in our computation, is, however, still lacking. [48] Summarizing, at present, the W φ channel with the W decaying leptonically and the Higgs boson decaying into b quarks remains the golden mode to test the MSSM Higgs sector at the Tevatron. The other channel we have analyzed, bbφ production with the subsequent decay of φ into b quarks and τ leptons, proves to be very useful to cover regions of large tan β and small to moderate m A up to about 250 GeV. However, the reach in these channels requires a large total integrated luminosity. Because of this, other production processes and In the final stages of this work, two preprints appeared on related topics. One addressed the issue of the W φ reach of the Tevatron collider [49] . The other commented on the possible effects of large tan β corrections to bbφ production at hadron colliders [34] . In the special cases when the analyses are comparable we tend to agree with their results, although the authors of Ref. [49] do not see any visible dependence on the sign of µ ×ã. The present work goes beyond those studies by providing a detailed numerical and theoretical analysis of the dependence of the Tevatron discovery potential on the MSSM parameter space. 
